In order to analyze the causes of cracking in abutments subject to concrete shrinkage and temperature variation during the construction process and to determine factors affecting the mechanical properties of the abutment, nonlinear calculations capturing abutment behavior are conducted with Midas/FEA software. Using these calculations, the cracking mechanism is identified, and the influence of the evaluated factors is analyzed. It is concluded that the deformation between the pile cap and abutment backwall as constrained by a pile foundation when subjected to concrete shrinkage and temperature changes is the basic cause of abutment cracks during construction; these cracks form over the piles and develop upward. For a given reinforcement ratio, the distribution of horizontal crack-control steel using small, closely spaced bars is more beneficial. When pile-bearing capacity meets the standard, the width of the generated cracks tends to decrease with the decrease in the diameter of the piles. e existence of a postcast strip in the abutment backwall also contributes to the decrease in the depth of the crack. Finally, the impact of age difference between the pile cap concrete and abutment backwall concrete on cracking is inconsequential.
Introduction
e typical bridge abutment is composed of a pile foundation, pile cap, abutment cap and backwall (including bracket), and wingwall. e construction of an abutment must be conducted in a sequence: the pile foundation is installed first, then the pile cap, and then the abutment cap and backwall. erefore, there are significant age differences between members that constitute the abutment, and vertical cracks may appear in the backwall above the piles owing to this age difference, shrinkage forces, or temperature forces created, in part, by the generation of hydration heat during concrete curing. erefore, strength monitoring is vital to ensure the safe construction of an abutment and to determine its readiness for service after it has been cast.
To enable the effective monitoring of cast concrete, Munuswamy and Sivakumar [1] analyzed the force conditions in concrete under abutment restraint conditions when subject to the time-dependent effects of creep and shrinkage, relaxation of prestressing steel, and temperature gradient. To accomplish this, taking the abutment-pile-soil system into account (using discrete spring stiffness to describe the translational and rotational degrees of freedom), concrete cracking was initiated by the application of lateral load, and the behavior of the piles supporting the abutment was evaluated and presented in terms of lateral deflection, bending moment, shear force, and stress along the pile depth.
Wang and Zhou [2] highlighted the cracking associated with tall abutments as a critical issue in highway construction. Four U-shaped abutment models were built using clay bricks to provide a contrast analysis of failure mechanism: three models with different arrangements of structural stiffeners and one model of a common abutment. ese abutment models were loaded by filling them with soil and applying an external vertical load on the surface of the soil. It was found that the stiffeners had an obvious effect on the cracking of the abutment model, resulting in higher cracking loads compared to that of the common abutment.
To evaluate the behavior of different components of a bridge structure under the effect of temperature variation, Shoukry et al. [3] developed a detailed instrumentation system for a 3-span continuous steel girder bridge with integral abutments. e instrumentation plan was developed to provide continuous monitoring of the triaxial state of strain, temperature gradient, crack opening, and relative movement between substructure elements. e results indicate that the motion of the substructure owing to the expansion or contraction of the bridge superstructure is partially restrained, generating thermal stresses in the girders and the deck that are not currently accounted for in bridge design.
Abutment behavior was modeled by Yu et al. [4] , who performed a finite element analysis of an abutment on the Xiangshan Harbor Highway Bridge in Ningbo. In order to understand the effects of the hydration heat of mass concrete on surface cracking in the early stage of casting, the effects of the four parameters, concreting temperature, environmental temperature, material of the insulating layer, and constraint conditions on surface stress, were analyzed. e results reveal that tensile stress on the surface of the concrete is proportional to the casting temperature while inversely proportional to the environmental temperature. Heat preservation was found to reduce the surface tensile stress more efficiently in the center than at the edge of the abutment, and increasing the stiffness of the concrete formwork was found to effectively prevent cracks.
Flaga et al. [5] presented two approaches to investigating thermal shrinkage stresses and cracking risk in early-age concrete structures: a simplified engineering method and a 3D numerical model. e results of these stress analyses were compared and validated against the behavior of a real abutment upon which cracking had been observed in the early phases of construction.
Although the researchers in [1] [2] [3] [4] [5] , as well as many others [6] [7] [8] [9] [10] , have studied and analyzed the stress conditions of bridge abutments under the impact of temperature, live load, and creep and shrinkage, further efforts must be made to investigate the stress mechanism of abutment cracking during construction as a result of hydration heat, the cooling effect from changes in atmospheric temperature, the shrinkage difference between the concrete of the pile cap and the abutment body, and constraints applied by the pile foundations. Notably, few studies have analyzed other factors influencing the formation of abutment cracks, such as the arrangement of lateral anticrack reinforcement, the rigidity of the pile foundation, the difference in the age of the concrete of the pile cap and the abutment body, and the presence of a postcast backwall strip.
In order to determine the effects of these factors, this paper employs the 3D finite element analysis software package Midas/FEA to analyze a 3D finite element nonlinear model of the flyover located at Cuixiang Road, Dongguan, to determine the stress mechanism behind abutment cracking observed during construction. e model was also used to analyze the influence of different factors, such as the lateral anticracking reinforcement, the pile foundation rigidity, the difference in the age of the pile cap and the abutment backwall concrete, and the inclusion of a postcast strip on the stress in the abutment. is information was then used to provide suggestions for preventing and controlling the formation of vertical cracks on bridge abutments during construction.
Materials and Methods

Subject Abutment
Overview of Abutment.
e flyover at Cuixiang Road, Dongguan City of China, consists of a 30 m long continuous prestressed concrete box girder bridge with 8 m long approach slabs and D80 expansion joints on both ends. e 19 m wide bridge is designed for Class-I highway loads and is equipped with 19 m wide straight abutments, as shown in Figure 1 .
Under the pile cap, there are eight D130 friction-type piles in two rows. e pile cap is 1.5 m deep, 6.3 m in the longitudinal direction of the bridge, and 19.0 m in the transverse direction of the bridge. e abutment backwall is 100 cm thick and 1.6 m high, cast with lateral C16 anticracking reinforcement spaced at 15 cm and C12 stirrups spaced at 10 cm.
e abutment backwall is 80 cm high and 175 cm thick. Finally, the abutment is flanked by 50 cm thick wingwalls erected along the abutment body. e concrete for piles, pile cap, abutment backwall, and wingwalls was made of ordinary Portland cement, whose mixing proportion with the water temperature of 20°C is shown in Table 1 .
Abutment Cracking.
e concrete of the pile cap was poured on January 3, 2017, while that of the abutment backwall was poured on February 12, constituting an age difference of 40 days. Several vertical cracks were spotted on the abutment backwall on February 28, dominated by 4 major cracks symmetrically distributed around the longitudinal center line of the bridge, as shown in Figure 2 . e cracks were about 2 m long, with the middle two cracks extending from the pile cap all the way to the bearing seats on the backwall.
According to field measurements, cracks L1 and R1, indicated in Figure 2 , had a width of around 0.4 mm, while cracks L2 and R2 were as wide as 0.5 mm. A core sample was collected from crack L1, revealing that the crack continued through nearly the entire thickness of the pile cap ( Figure 3 ).
Finite Element Analysis Model.
e 3D analysis model of the subject abutment had 31,599 nodes and 25,846 elements. e constraining effect of the pile-soil interaction was taken into consideration by applying a soil spring to the sides of the piles in conjunction with constraints at the pile tips. e 3D finite element model of the abutment is illustrated in Figure 4 (a). In view of the inhibiting effects of internal reinforcement on crack development, the reinforcement scheme of the abutment was included in the model (Figure 4(b) ).
Hydration Heat Model and Atmospheric Temperature
Model.
e cracks in a concrete structure can be classified into two types on account of the crack cause: the first type of crack is referred as a structural crack, caused by external load or internal structural force, while the second type is referred as a strain crack, appearing under such classic factors as temperature [11] , shrinkage, creep, expansion, humidity, and di erential settlement of the foundation. e load of the bridge superstructure was not acted on the abutment when the cracks in the abutment of the subject bridge appeared during the curing of concrete. As the construction process was determined to be consistent with relevant laws and regulations, the cracks did not appear as the result of construction loads, and the cracks cannot be structural cracks. Hence, they must be strain cracks, likely caused by some type of deformation. Field investigations excluded di erential settlement of the foundation as a cause of cracking, indicating that the cracks were likely caused by the concrete shrinkage or di erential displacement resulting from temperature changes resulting from the atmosphere and the heat of hydration.
When pouring the abutment, the pile cap had been aged 40 days, so this paper focused on the hydrothermal reaction of the abutment body that occurred from February 12 to February 28. Advances in Materials Science and Engineeringspeci c heat C (kJ/(kg·°C)) and the thermal conductivity λ (kJ/(m·hr·°C)). e mixing ratios of the concrete of the abutment, pile cap, and pile foundation are shown in Table 1 ; thus, the speci c heat C is 1.176 kJ/(kg·°C), and the thermal conductivity λ is 12.42 kJ/(m·hr·°C).
(2) Model of the Atmospheric Temperature. e model of the atmospheric temperature from February 12 to February 28 was a sine function, whose peak was above 16°C and valley value was 12°C. e model is shown in (1), and its trend is shown in Figure 5 .
where t is the time (hr) and T(t) is the atmospheric temperature corresponding to t hours (°C).
(3) e Convection Characteristics for the Concrete Material.
As buried in bedrock all year round, the pile foundation was treated at a xed temperature complying with the bedrock. All nodes on the pile surface were given a xed temperature of 20°C. For the pile cap and abutment, both surfaces were exposed to the atmosphere, so a solid layer with the thickness of 1.5 cm was established on the surface of the pile cap and abutment, which allows the heat exchange between the pile cap, abutment, and atmosphere. "Exposed surface" was selected as the convection model, and the convection coe cient was a constant (50.23 kJ/(m 2 ·hr·°C)).
(4) Model of the Heat Source. Model of the heat source mainly considered the hydration reaction of the abutment body. When treated as a heat source, the abutment body was considered without exchanging heat with atmosphere, that is, "adiabatic temperature rise." e adiabatic temperature rise of concrete hydration heat is closely related to the concrete mixing ratio and the water temperature for mixing. e concrete of the abutment was ordinary Portland cement, with the concrete mix proportion shown in Table 1 . Taking into account the concrete mix proportion and the water temperature for mixing, we obtained a proper model of adiabatic temperature rise for the abutment body by checking the Japanese norm JSCE-SSCS 2002 [12] , as shown in the following formula:
where Q int is the highest of adiabatic temperature rise for abutment concrete (°C), r is the thermal conductivity coe cient (m 2 /hr), t 0 is the starting time of hydration heat for concrete (day), t is the cumulative time of hydration heat for concrete (day), Q(t) is the adiabatic temperature rise for concrete accumulated over t days (°C).
According to the actual mix proportion of the abutment concrete, we determined the value of the parameters shown in Table 2 .
rough the relevant parameters in Table 2 , we obtained the model of adiabatic temperature rise for the abutment body, as shown in Figure 6 .
Based on the hydration heat model discussed earlier and the atmospheric temperature model, hydrothermal analysis was executed using FEA, and the following results were obtained.
e hydration heat of the concrete began with the start of the abutment pouring. us, taking into account the model of the atmospheric temperature and bedrock temperature, the highest temperature changes over time of hydration heat for the pile foundation, pile cap, and abutment are shown in Figure 7 . As seen from Figure 7 , the temperature of the abutment body remarkably rose from 20°C to 36°C within three days after the body was poured (February 12 to February 15), and then, the temperature began to drop. When cracks went through the body of abutment (February 28, its temperature was 14.4°C. As buried in bedrock all year round, the temperature of the pile foundation was basically consistent with the bedrock, at about 20°C. Because its surface was exposed to atmosphere mostly, the temperature of the pile cap uctuated between 12 and 14°C. However, due to the e ects of the abutment body and pile foundation temperature, the temperature of the junction area of them would vary di erently. In summary, the temperature model of the pile foundation, pile cap, and abutment body can determine the accuracy of the hydration heat model for the abutment body. e crack coe cient i value was used to predict whether the temperature cracks occur:
where f t is the tensile strength of concrete (MPa) and σ T is the temperature stress (MPa).
According to the hydrothermal analysis using FEA, the crack coe cient of the abutment can be obtained, as shown in Figure 9 .
When the i value is greater than 1.5, cracks can be prevented. Figure 9 shows the minimum i value of 1.1, which was mainly concentrated in the area of the abutment body above pile foundations; that is, the construction cracks will be generated in these areas.
Load Calculation.
In order to study the generation mechanism and development process of the vertical cracks for abutment and use them as the basis for the parametric analysis of the abutment, it was not enough to rely on the hydrothermal analysis using FEA alone. In this paper, a nonlinear analysis of the abutment was carried out on the basis of the results of hydration analysis considering the atmospheric temperature.
According to the construction record, the vertical cracks in the abutment body belong to the through cracks, and the through cracks are often caused by the deformation on account of the concrete cooling gradually after the mass concrete develops to a certain extent.
erefore, in the nonlinear analysis process, the load was "cooling," mainly including the following cooling models.
(1) Equivalent Temperature Di erence of Shrinkage. In order to compare the e ects of shrinkage with the e ects of hydration heat and atmospheric temperature, in this study, shrinkage is converted to an equivalent temperature differential. e shrinkage is rst calculated in accordance with JTGD62-2012 Code for Design of Highway Reinforced Concrete and Prestressed Concrete Bridges and Culverts [13] , in which the concrete shrinkage stress can be calculated using the following equations:
where t is the concrete age at the moment of consideration (day); t s is the concrete age when the shrinkage begins (day), set at 3d; ε cs (t, t s ) is the shrinkage stress value at t and t s ; ε cso is the nominal shrinkage coe cient, which is given in Table 3 ; β s (t−t s ) is the shrinkage development factor; h is the theoretical thickness of the component under consideration (mm), where h 2 A/u when A is the cross-sectional area of the component (mm 2 ); and u is the peripheral length of the component in contact with the open air (mm).
In Table 3 , RH is the annual average relative humidity in atmosphere, and in this case, RH is 70% to 99%; thus, ε cso is 3.1 ×10 
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As stated before, there were nearly 40 days between the casting of the pile cap and the casting of the backwall. e concrete in the pile cap and abutment backwall was believed to begin shrinking 3 days after the pouring of each component was completed. e pile cap concrete was 55 days old and abutment backwall concrete was 16 days old when the backwall rst showed cracks. e primary parameters for determining the shrinkage stress in the cushion cap and abutment body with no constraints at the time of cracking were calculated according to (4) and (5) and are listed in Table 4 .
Assuming the linear expansion coe cient of concrete, α, to be 1.0 × 10 −5 /°C, the equivalent temperature of differential shrinkage between the pile cap and abutment backwall concrete, T s , can be determined using the following formula: 
yielding an equivalent temperature of −0.31°C, indicating an equivalent cooling e ect from di erential shrinkage.
(2) e Abutment Cooling ΔT i on Account of Hydration Heat and Atmospheric Temperature. Taking into account the in uence of atmospheric temperature on the abutment body, its concrete hydration heat developed to peak will gradually cool down. e data that the temperature of the abutment body changed with the time of hydration heat had been calculated, as shown in Figure 8 . e node temperature of the abutment body varies with the coordinates of nodes from Figure 8 . For node i, the maximum temperature was recorded as T imax , the corresponding minimum temperature was recorded as T imin , and the temperature drop ΔT i was T imin − T imax .
Calculation Conditions.
Two conditions were evaluated to determine the cause of cracking in the subject abutment, as described in this section.
Condition 1.
e equivalent temperature di erence of concrete between the abutment body and pile cap T s .
is condition described the e ect of di erential concrete shrinkage between the abutment backwall and the pile cap. As determined in the calculations of Section 2.2.2(1), the equivalent temperature di erential describing this concrete shrinkage, T s , was −0.31°C, and it was applied to the abutment body. Considering the constraint of pile foundations, the model of the pile cap, abutment body, and pile foundations was established by using Midas/FEA.
Condition 2.
e abutment cooling on account of hydration heat and atmospheric temperature ΔT i + the equivalent temperature di erence of concrete between the abutment body and pile cap T s .
is condition considered the comprehensive temperature cooling, including the temperature cooling ΔT i of the abutment body as a result of hydration heat and atmospheric temperature and the equivalent temperature T s on account of the concrete shrinkage di erence between the abutment body and pile cap. Simultaneously, the constraint of the pile foundation was considered.
Considering the model of atmospheric temperature, we extracted the cooling data ΔT i of all nodes (i 1∼50,946) of the abutment body and attached the equivalent temperature T s . In the nonlinear analysis, the comprehensive temperature cooling ΔT i + T s was applied to all nodes of the abutment body corresponding to the body node number, respectively.
Material Constitutive Relations
Constitutive Tensile Relationship of the Concrete Material.
e Midas/FEA analysis accounts for the nonlinear properties of the concrete material in order to determine the causes of the observed cracking. e concrete material parameters used adopt the total strain crack model, a type of the discrete crack model that evaluates crack behavior according to either a xed crack model or a rotating crack model. In the xed crack model, once determined, the cracking direction does not change in any case, while for the rotating crack model, the cracking direction changes with the change in the direction of principle stress. Although the former can accurately describe the physical properties of a crack in detail, when a structure with a xed orthogonal crack is compared with a structure with a nonorthogonal crack, the structural rigidity and strength are overevaluated. In comparison, the rotating crack model requires no knowledge of past cracking states, so its calculation process is more simple and convergent. Because of its merits, the rotating crack model has long been applied to the nonlinear analysis of reinforced concrete structures. Accordingly, the rotating crack model was chosen for use in this study as well. Advances in Materials Science and Engineeringe total stress cracking model adopts a linear softening model that exhibits softening when the tensile strength of the base material is exceeded, as shown in Figure 10 .
e major constitutive equations for the linearized softening tensile model are shown below:
where G f indicates the tensile fracture energy of concrete, E indicates the elastic modulus of concrete, h denotes the crack width, f t denotes the tensile stress in the concrete, and ε cr u·min denotes the minimum ultimate crack strain.
Bonding Model of Reinforced Concrete.
Considering that the slippage between steel and concrete in a reinforced concrete structure was a ected by cracks, a bond-slip model can be used to simulate this e ect. e FEA software uses a constitutive model based on the theory of total mass to describe the bond-slip model. Assuming that the normal direction of materials was linear elasticity and the tangential direction was nonlinear, the bond-slip model can be described as follows:
Deriving the right side of (9) and (10) for relative displacement, the tangent sti ness is as follows:
Results and Discussion
Analysis of Crack Cause.
e Midas/FEA software package was used to create a 3D nonlinear nite element analysis model of the subject abutment. Under Condition 1, the focus of the research was on the e ect of the di erence in concrete shrinkage between the abutment backwall and the pile cap on the stress in the abutment backwall. Under Condition 2, attention was paid to all potential crackin uencing factors: the atmospheric temperature changes, hydration heat of concrete, and equivalent temperature of concrete shrinkage di erence. e major results and analysis are as follows.
Condition 1.
Under this condition, the e ect of the di erence in concrete shrinkage between the abutment backwall and the pile cap on the abutment is considered in isolation. Meanwhile, this model took the constraint of pile foundations into account. When the equivalent differential shrinkage temperature T s −0.31°C is applied to the abutment backwall, the lateral stress distribution shown in Figure 11 is obtained. Figure 11 depicts the distribution of the lateral normal stress in the abutment when the constraints of the pile foundation on the abutment and pile cap were taken into consideration, and the lower middle portion of the abutment was the most stressed area, with a maximum tensile stress of about 0.45 MPa, which is lower than the standard tensile strength of 2.01 MPa for abutment concrete. As a result, no cracks appeared on the abutment for this equivalent temperature change, which correlates with the di erential shrinkage between the pile cap and abutment.
Condition 2.
e condition of temperature cooling ΔT i + T s acted on the abutment body. Considering the constraint of pile foundations, the following calculation results were obtained by the Midas/FEA analysis.
Taking the change of the maximum temperature of the abutment body T max with the hydration heat time of the abutment body t as a reference, the development of cracks in the abutment was described as in Figure 12 . When T max decreased from 35.5°C to 18.2°C (i.e., 10 days after abutment pouring), the abutment began to form vertical cracks at the top of both sides of pile foundations, namely, cracks "L1" 8 Advances in Materials Science and Engineering and "R1." And the cracks are shown in Figure 13 (a), which shows that the crack width was 0.102 mm.
As the maximum temperature of the abutment body T max was further reduced to 15.9°C (i.e., 11 days after abutment pouring), the abutment began to form vertical cracks at the top of middle pile foundations, namely, cracks "L2" and "R2," whose widths were 0.238 mm, as shown in Figure 13(b) . 
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When the maximum temperature of the abutment body T max was reduced to approximately 14°C (i.e., 14 days after the abutment pouring), the four main cracks had penetrated the abutment body. e cracks "L1" and "R1" were 0.365 mm wide and 1.74 m high, and the cracks "L2" and "R2" were 0.384 mm wide and 1.85 m high, as shown in Figure 13(c) .
At the moment, the L1, L2, R1, and R2 cracks were nearly the same as the vertical cracks observed in the abutment of the yover at Cuixiang Road. In view of the computational results of Conditions 1 and 2, it can be concluded that the di erence in concrete shrinkage between the abutment backwall and pile cap is not the primary cause of the vertical cracks in the abutment backwall. Instead, the combined e ects of hydration heat, atmospheric temperature di erential, and concrete shrinkage di erential cause a deformation in the abutment backwall to occur. is deformation is constrained by the pile foundation, causing the major cracks to proceed vertically upward from the top of the pile cap.
Analysis of Crack-In uencing Factors.
e analysis in Section 3.1 reveals the stress mechanism causing vertical cracks in the abutment backwall under secondary e ects such as concrete shrinkage and temperature change. In order to prevent the appearance of these vertical cracks, the authors analyze di erent factors a ecting the behavior of the abutment backwall, including horizontal crack-control reinforcement, pile foundation rigidity, concrete age difference between the pile cap and abutment backwall, and the inclusion of a postcast strip.
Horizontal Crack-Control Reinforcement.
Keeping the reinforcement ratio and 20 cm stirrup interval xed, the change in abutment backwall cracking with the change in diameter and interval of horizontal crack-control reinforcement was evaluated. To this end, four reinforcement schemes using reinforcing diameters from 10 to 16 mm and spacing intervals from 10 to 20 cm, shown in Table 5 , are compared.
e four reinforcement schemes are calculated under Condition 2 with the results as provided in Figure 14 .
e maximum crack widths corresponding to reinforcement schemes I, II, III, and IV shown in Figure 14 are summarized in Table 6 . e data provided in Table 6 suggest that, for the same reinforcement ratio, the maximum crack width increases with the increasing diameter and interval of horizontal crackcontrol reinforcement. In other words, the arrangement of horizontal crack-control reinforcement in a "thin but dense" manner most successfully controls the appearance of vertical cracks on the abutment during construction. For the subject abutment, when the reinforcement ratio is held constant, the use of a "thin but dense" arrangement (C10 reinforcement at 10 cm intervals) can reduce the crack width by 29.3% when compared with a "thick but sparse" arrangement (C16 reinforcement at 20 cm intervals).
Pile Foundation Rigidity.
According to the stress mechanisms in the abutment backwall during construction, the backwall tends to deform under the e ect of secondary factors such as concrete shrinkage and temperature change, e results are provided in Figure 15 , and the calculated crack widths in the abutment backwall for each pile size are summarized in Table 7 . Clearly, the rigidity of the piles has a signi cant e ect on the stress in the abutment during construction. As can be seen in Table 7 , as the rigidity of the piles increases with increasing pile diameter, so does the constraining e ect on the abutment backwall. As a result, the width of the vertical cracks in the abutment backwall increases with the increase in pile diameter.
Inclusion of a Postcast Strip.
In order to examine the e ect of the postcast strip on crack development, a 70 cm thick postcast strip was placed in the middle of the abutment backwall model. e concrete construction procedure was assumed as follows: (1) erect the reinforcement cage for the pile cap and abutment backwall and then cast the pile cap; (2) complete the reinforcement for the left and right sides of the abutment and cast the abutment backwall on the left and right sides, leaving the reinforcement in the postcast strip location exposed; (3) pour the concrete to form the left and right abutment caps; and (4) connect the exposed reinforcement in the postcast strip and cast the strip concrete 60 days later.
e Midas/FEA software package was used to carry out a nonlinear analysis of the abutment during construction under Condition 2, yielding the results shown in Figure 16 .
A comparison of the results shown in Figure 16 for an abutment including a postcast strip with those shown in Figure 13 (c) for an abutment with no postcast strip reveals a signi cant decrease in the crack width when a postcast strip is used. e maximum crack width in an abutment without a postcast strip is 0.384 mm, while in an abutment with a postcast strip, the crack width is 0.252 mm, representing a 34.4% reduction in addition to a signi cant reduction in the crack height.
Di erence in Pile Cap and Abutment Backwall Concrete
Age.
e concrete of the abutment backwall was not poured until 40 days after the pouring of the pile cap. According to the results computed in Section 2.2.2(1), the equivalent temperature change of the concrete shrinkage di erential between the pile cap and the abutment backwall is T s −0.31°C.
When the constraining e ects of the piles are taken into consideration after the equivalent shrinkage temperature drop acts on the abutment backwall, the maximum normal stress on the abutment backwall is only 0.45 MPa (Figure 11 ), which is far lower than the standard tensile strength of 2.01 MPa of abutment body concrete. As a result, the contribution of the di erence in age of the pile cap and abutment backwall concrete to the vertical cracks in the abutment backwall may be safely ignored.
Conclusions
In order to determine the causes of vertical cracks observed in an abutment backwall during the construction of the yover located at Cuixiang Road, a total strain crack model was used to create a 3D nite element nonlinear analytic model of the abutment backwall, pile cap, and foundation. In the process, the stress mechanisms in the abutment body under the e ects of concrete shrinkage and various temperature changes are summarized, and in uencing factors on the abutment are analyzed, including the parameters of horizontal crack-control reinforcement, the pile rigidity, the di erence in age of the pile cap and abutment backwall concrete, and the inclusion of a postcast strip in the abutment backwall. e following conclusions were obtained:
(1) e total strain crack model created using Midas/FEA can e ectively analyze the cracking behavior of concrete with outstanding convergence, direct posttreatment, and output of critical data such as crack width. (2) e major reason for the appearance of vertical cracks in an abutment is that, under the joint e ect of concrete shrinkage and temperature change, deformation appears between the pile cap and the abutment backwall but is constrained by the sti ness of the piles so that cracks appear in the abutment backwall above the piles and develop vertically. (3) e abutment backwall should be provided with reinforcement according to the design load requirements. Holding the reinforcement ratio for a horizontal crack-control reinforcement constant, a "thin but dense" arrangement is more favorable for controlling the growth of vertical cracks on the abutment backwall. (4) While meeting the basic design load requirements, the diameter (and concomitant sti ness) of abutmentsupporting piles should be reduced, if possible, to alleviate the constraining e ect of the piles on the deformation of the abutment backwall under concrete shrinkage and temperature change. (5) e inclusion of a postcast strip in the construction of the abutment helps to release the deformation constraint on the abutment backwall and thus greatly reduces the width of cracks. (6) e normal stress on the abutment backwall caused by the di erence in age of the pile cap and abutment backwall concrete is far lower than the tensile strength of the concrete, thus, the contribution of the concrete age difference can be safely ignored.
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